Ovarian cancer (OvCa) is a leading cause of mortality from gynecologic malignancy due to its disseminated peritoneal metastasis. The tumor microenvironment dominates epithelial-mesenchymal transition (EMT) development and impacts cancer metastasis as well as mediates drug resistance. Tumour cell interaction with the collagen I matrix is critical in OvCa development. To better understand the role of the collagen matrix and the underlying mechanisms in the early stage of OvCa invasion, we developed a threedimensional (3D) culture model in vitro by embedding OvCa cells within collagen I to recreate the architecture of a solid tumour. Our results showed that tumour spheroids formed in the 3D collagen model displayed good viability and decreased growth rates, which partly recapitulated the growth behavior of in vivo tumour cells. Collagen I enhanced the OvCa cell motility/invasion capability by upregulating the expression of MMPs and a5b1 integrin. Moreover, highly invasive OvCa cells in collagen showed the overexpression of mesenchymal markers (N-cadherin, vimentin and fibronectin) and transcriptional factors (Snail and Slug). EMT-associated TGF-b1/Smad4 and Wnt5b/b-catenin signaling pathways were significantly up-regulated accordingly. Additionally, a remarkably enhanced drug resistance to chemotherapeutics was also detected in the 3D cultures. Collectively, the bioengineered 3D collagen models could recapitulate the in vivo tumour-like microenvironment and reflect some biological characteristics of human OvCa more accurately. The collagen I matrix promoted local invasion via EMT and enhanced the multidrug resistance in OvCa. This system might serve as a comprehensive in vitro model to better understand the manifold mechanisms of OvCa metastasis and also provide a robust tool for screening new anti-ovarian cancer therapeutics.
Introduction
Ovarian cancer (OvCa) is the fourth leading cause of gynecological cancer-related death among women worldwide. 1 The high lethality of OvCa is primarily due to the presence of disseminated peritoneal metastasis. As most patients with OvCa are diagnosed at an advanced stage, 2 the identication of the critical factors regulating the metastatic process of OvCa would have tremendous clinical signicance. Recent studies have shown that the tumour microenvironment (that is composed of stromal cells, extracellular matrix (ECM) and soluble growth factors) plays an important role in affecting cancer metastasis as well as mediating drug resistance. 3 The primary microenvironment for the peritoneal metastasis of OvCa is predominantly comprised of interstitial collagen I, which is the most abundant component of the ovarian ECM. 4 It has been demonstrated that collagen I enhances the migration of multiple OvCa cell lines and primary OvCa cells preferentially adhere to collagen I. 5, 6 In addition, collagen I plays a novel role in inducing chemoresistance by up-regulating tau, which has been associated with paclitaxel resistance in OvCa. 7 Therefore, a better understanding of the mechanisms of the interactions of ovarian tumour cells with the collagen I matrix will provide us with new targets for the retardation of the peritoneal metastatic spread.
In the past few decades, conventional two-dimensional (2D) culture has been widely accepted for exploring the mechanisms of tumorigenesis and metastasis. However, it cannot provide the microenvironmental clues that regulate the in vivo behaviour of tumour cells. In this regard, a bioengineering three-dimensional (3D) culture model in vitro is needed for the study of the metastasis of the disease. Such 3D scaffolds can provide 3D architectural space for cell growth, emulate the native tumour microenvironment ECM in vivo (recapitulation of cell-matrix interactions) and provide more accurate drug efficacy analyses. 8 In addition, cancer cells in 3D culture tend to form multicellular aggregates, termed spheroids, which are similar to those observed in micrometastasis or poorly vascularized regions in solid tumours. 9, 10 The biocompatibility and 3D architecture of collagen I hydrogels are suitable properties for reproducing the solid tumour microenvironmental conditions in vivo. As a result, collagen I, as a superior biomaterial was chosen in this study to construct a 3D OvCa culture model and simulate the peritoneal metastasis microenvironment for the in vitro OvCa studies.
Epithelial-mesenchymal transition (EMT) is a critical step in the early stage of tumour metastasis, which is closely linked to invasion, recurrence, and therapy resistance.
3 EMT is generally characterized by a change in the cell morphological specicity due to the loss of epithelial marker (E-cadherin) and upregulation of mesenchymal markers such as vimentin, N-cadherin and bronectin, leading to the loss of cell-cell interaction and increased cell motility. 11 In addition, EMT is also associated with chemoresistance, emphasizing its relevance with respect to the recurrence of the disease. 12 The EMT process of transformed cells can be induced typically by the activation of numerous signaling pathways, such as the TGF-b or Wnt pathway. 13 For example, TGF-b1, a homodimeric cytokine, binds to cell surface receptors to activate Smad 2/3 proteins, which form the complex with Smad 4 and then promotes the expression of various transcription factors including Snail and Slug.
14 Wnt5b protein, a secreted growth factor, binds to the cell surface receptor Frizzled, leading to stabilization of b-catenin, 15 and then up-regulates the target genes such as Snail and Twist to induce EMT. 14, 16 In addition to soluble proteins that initiate EMT, ECM molecules have been shown to induce similar changes in epithelial cells. Recent studies have shown that interactions with collagen I can induce EMT in pancreatic cancer and lung cancer. 17, 18 However, to date, little is known about the role of the collagen I matrix in regulating the process of OvCa EMT and its underlying mechanisms. We therefore developed a 3D culture model by embedding the invasive OvCa cells (OV-NC and OV-206) in collagen gel and detected the growth prole, histological features, invasion capability, EMT-related gene expression and drug susceptibility of 3D cultured cancer cells to identify the effects of collagen I on EMT and drug resistance in the invasion procedure. This 3D collagen culture model will complement the current cell culture models used for the study of OvCa to enhance our overall understanding of the very early steps of ovarian cancer metastasis as well as to evaluate the efficacy of anticancer drugs.
Materials and methods

Cell culture and transfection
In our previous studies, 50 cases of ovarian cancer patient specimens were obtained, of which 25 were platinum-resistant and 25 were platinum-sensitive. Interestingly, we found that miR-206 was highly expressed in platinum-resistant OvCa patients by high-throughput microRNA analysis. Therefore, miR-206 was transfected into the human ovarian cancer cell line OV-2008 (OV-NC, platinum-sensitive) to generate the platinumresistant cell line OV-2008-206 (OV-206, platinum-resistant), which stably expresses miR-206.
OV-NC cells were cultured in RPMI-1640 medium (Hyclone, USA) supplemented with 10% fetal bovine serum (Sciencell, USA), 100 units per mL penicillin and 100 units per mL streptomycin (Hyclone, USA) at 37 C with 5% CO 2 as reported previously. 19 The miR-206 mimics were designed and chemically synthesized by Ambion (Life Technologies Corporation, Denmark). 20 collagen hydrogel and 10 Â DMEM, using 0.1% (v/v) NaOH to adjust to neutral pH. According to the previous preparation techniques of our laboratory, we constructed a 3D culture model of OvCa cells. The nal cell concentration in the model was 2.5 Â 10 5 cells per mL. Once in plate, the collagen gel solution was kept in a humidity box at 37 C for 2 h to allow gel polymerization via thermal cross-linking; then, 1.5 mL fresh cell culture medium was gently added to each well. The medium was refreshed every other day.
Cell viability and proliferation
Cell viability was assessed by calcein-AM/EthD-1 staining (Invitrogen, USA) as described previously. 22 Only live cells with intracellular esterase activity can digest non-uorescent calcein-AM into uorescent calcein. Dead or dying cells containing damaged membranes allow the entrance of EthD-1 to stain the nuclei. Images were captured by a confocal laser scanning microscope (Leica DM4000B, Germany). To determine cell proliferation on the 3D collagen hydrogel, these two types of cells were cultured in 96-well plates under 2D and 3D culture conditions. At each time point, 10% CCK-8 (Dojindo, Japan) in cell culture media was added to each well and the plate was incubated for 4 h at 37 C before being measured with microplate uorometer at 450 nm (Thermo 354, USA).
Histology and immunohistochemistry staining
Hematoxylin and eosin (H&E) staining. Collagen-embedded OV-NC and OV-206 cells were harvested and xed with 4% paraformaldehyde and dehydrated in graded concentrations of ethanol. Then, the paraffin-embedded sections were stained. Images were captured for microscopic evaluation (Leica TCS SP8, Germany).
Whole mount staining. Pretreatment of the collagen-cancer samples was similar to that of H&E before paraffinembedding. The samples were transparentized with dimethylbenzene and then stained with carmine dyes.
Scanning electron microscopy (SEM) observation. OV-NC cells and collagen scaffolds were collected, washed, and xed in 2.5% glutaraldehyde. Aer immobilization, the samples were washed with PBS for 10 min and then immobilized with 1% osmium acid, which was pre-cooled at 4 C for 2 h. Samples were dehydrated in gradient ethanol for 15 min. Finally, the samples were dried and electrochemically sprayed. The ultrastructure of the samples was observed under SEM. Immunohistochemistry (IHC) staining. Culture samples were collected at day 7 of culture and xed in 4% paraformaldehyde for 12 h. The PFA-xed and paraffin embedded 3D tumour tissue blocks were sectioned to 5 mm-thickness and attached to adhesive-coated slides. The sections were deparaffinized and rehydrated and then, antigen retrieval was performed by boiling the slides in 10 mM sodium citrate buffer. The samples were treated with 3% hydrogen peroxide and then with a non-immune goat serum, followed by incubation with the primary antibody of MMP-9 (dilution, 1 : 200; Proteintech, China) or MMP-10 (dilution, 1 : 500; Sigma-Aldrich) overnight at 4 C. The sections lacking incubation with specic primary antibodies were used as negative controls. Following primary antibody incubation, the samples were incubated with a cocktail of biotinylated goat anti-rabbit or anti-mouse secondary antibody for 15 min and then incubated with avidin/biotin/ peroxidase complex for 15 min. The samples were rinsed, developed with diaminobenzidine, counterstained with hematoxylin, and nally dehydrated and mounted.
Migration and invasion assays
For migration and invasion assays, the cells were serum-starved for 12 h before performing the assays and then digested from the plate dish and collagen hydrogel. Boyden chamber invasion assays were performed using the 24-well (8 mm pore size) Transwell chamber (Corning, USA) coated with BD Matrigel basement membrane matrix. The cells that did not migrate through the membrane were removed with a cotton swab. The cells that penetrated the matrigel to invade the lower surface of the membrane were xed in methanol and stained with crystal violet as described for the migration assay. For the woundhealing assay, an articial wound was created. To visualize migrated cells and wound healing, images were taken at 0, 24 and 48 h. Migrating or invading cells on the surface of the membranes were counted manually using Image-Pro Plus version 6.0 (Media Cybernetics, Inc).
Quantitative polymerase chain reaction (qRT-PCR)
Cells were harvested, total RNA was isolated using Trizol reagent (ambion Life Technologies, Denmark), and 1 mg RNA was reverse transcribed using a cDNA synthesis kit (TaKaRa Bio, Dalian). For qRT-PCR, the relative gene expression was determined using SYBR® Premix Ex Taq™II Kit (Takara Bio, Dalian) and the Agilent Technologies System. Primers are shown in Table 1 and the conditions used were described previously.
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Amplication was performed for 40 cycles of 3 min each at 95 C, 30 s each at 58 C, and 3 min each at 72 C. The obtained results were analyzed using the 2 ÀDDCT method and normalized to the b-actin data. Each sample was analyzed in triplicate.
Western blotting
The cells under different conditions were harvested and protein was extracted. Aer quantication by BCA assay kit (KeyGEN, China), each protein sample (45 mg) was separated on a 10% SDS polyacrylamide gel, transferred to polyvinylidene diuoride polyscreen membrane (millipore, Germany) and then incubated with anti-MMP-9 (1 : 1000; Proteintech, China), anti-MMP-10 (1 : 500; Sigma-Aldrich, USA), anti-E-cadherin (1 : 500; Proteintech, China) anti-vimentin (1 : 300; Proteintech, China) and anti-b-actin (1 : 1000, Proteintech, China) antibodies overnight at 4 C. Secondary anti-rabbit antibody (Proteintech, China) was added relative to the primary antibody and incubated for 2 h at room temperature. The blots were nally developed using an ECL western blot protocol (Lumilight enhanced chemiluminescence, Roche). Protein signals were visualized. Quantication of immune reactivity was performed by densitometric scanning using the Quantity One-1-Danalysis soware (Bio-Rad, Hercules, CA). 
Drug sensitivity changes within 2D and 3D cell cultures
Results
Growth prole of two ovarian cancer cell lines in the 3D collagen scaffold
The two OvCa cell lines cultured in 3D collagen scaffold exhibited morphologies that were different from the cells in the 2D monolayer culture (Fig. 1 ). In the monolayer culture, both OV-NC and OV-206 cells grew adherently in short spindle shapes. However, aer being seeded in the scaffolds for three days, OV-NC cells formed stereoscopic ovoid cell masses. Similar to OV-NC cells, OV-206 cells also formed cell clusters in the 3D culture. Aer 7 days in culture, numerous cellular spheroids were generated in the collagen scaffolds but not in the 2D culture plates (Fig. 1A) . The spheroids had the typical morphologies of the tumour-like tissue grown in vivo. Furthermore, these spheroids were evenly distributed in the scaffold and the size of the spheroids increased progressively with time until the 7 th day. The majority of OV-NC and OV-206 cells in 3D culture exhibited good viability and very few cancer cells underwent apoptosis and necrosis aer 7 days of cultivation (Fig. 1B) . The data suggest that compared to the 2D culture, the 3D collagen culture model, a simple cell encapsulating methodology, more effectively mimics the in vivo microenvironment of OvCa cells.
Proliferation of ovarian cancer cells in the 3D collagen scaffold
The proliferation of OV-NC cells in collagen increased gradually during 13 days of cultivation and the proliferation rate was relatively higher within the initial 7 days, indicating that the cells keep proliferating during spheroid formation (Fig. 2 le) . In contrast, the growth of OV-NC cells in monocultures quickly reached (Fig. 2 right) . It is noteworthy that OV-NC and OV-206 cells grew more slowly in 3D collagen culture than in monolayer culture, which is similar to the proliferation pattern of solid tumours in vivo. These results suggest that the collagen matrix as a biological scaffold material has good biocompatibility and can better support the growth of OvCa cells in comparison with the 2D culture method.
Morphological characteristics of ovarian cancer cells in 3D collagen scaffolds
Next, we carried out whole mount staining to have a global view of the tumour cells in collagen. The results showed that the cells aggregated into multicellular spheroids, which is consistent with the phase-contrast microscopy results (Fig. 3A) . Notably, the growth patterns of OV-NC and OV-206 cells were different in the 3D scaffolds. OV-NC cells formed round and regular cell spheroids, while the spheroids of OV-206 were more irregular and had more apparent cell processes. H&E staining demonstrated that the cancer cells aggregated and formed cell clusters in the collagen scaffolds (Fig. 3B) . OV-NC cells were densely-compacted and had small protrusions, while OV-206 cells were more loosely aggregated. This conrmed a cluster growth prole of OvCa cells in collagen gel. The observed different morphological characteristics indicated that OV-206 cells may have more malignant biological behaviour than OV-NC cells.
We also performed scanning electron microscopy (SEM) to further reveal the ultra-structure of OvCa cells in collagen I and the collagen I scaffold. The collagen scaffolds were brous networks. OV-NC cells were embedded within the collagen bers and successfully generated cell clusters. The surface of the cells was covered with a large amount of extracellular matrix (Fig. 3C) . All of these observations demonstrated that our collagen-based 3D culture system provides a similar microenvironment to that observed in vivo for the growth of OvCa cells.
Collagen I enhanced the motility capability of OvCa cells in 3D culture
In order to conrm the impact of the collagen matrix on the invasion and metastasis potential of OvCa cells, we performed wound healing and Transwell invasion assays to determine the motility of OV-NC and OV-206 cells under two different culture conditions. Aer cell cultivation for 48 h, the scratches in the 3D culture healed more quickly than in the corresponding 2D culture of both OV-NC and OV-206 cells and the area of cell migration was signicantly increased in the 3D cultures (P < 0.05) (Fig. 4A and C) . However, when the cells were cultured for only 24 h, a signicant difference in migration areas between the 2D and 3D culture was only found in OV-206 cells (P < 0.05), indicating that 3D collagen culturing can promote the migration activity of OvCa cells, particularly of OV-206 cells.
Transwell invasion assay results were similar to those of the wound healing assay (Fig. 4B and D) . Aer cell cultivation for 36 and 48 h, the mean number of the two types of OvCa cells penetrating the Transwell membrane in the 3D group signi-cantly increased (P < 0.05) when compared to the 2D model, indicating that the invasion properties of OvCa cells were enhanced in response to the collagen matrix.
MMP-mediated proteolysis and integrin-mediated adhesion are required for the penetration of the collagen matrix
The matrix metalloproteinase (MMP) family is the main hydrolase in the remodeling of ECM. 24 To investigate whether the proteolytic dependence for collagen matrix barrier removal is a type of MMP-mediated invasion, the gene expression of MMPs was detected by real-time PCR. We found that the expression of mmp-1, -2, -3, -9, -10, -13 had different degrees of up-regulation in the 3D culture system (P < 0.05). Nevertheless, the two cancer cell lines exhibited different MMP gene expression patterns in 3D culture. For example, mmp-2 and mmp-9 gene expression increased at a higher rate in OV-NC cells than in OV-206 cells (P < 0.05), while mmp-10 (P ¼ 0.025) and mmp-13 (P ¼ 0.047) gene expression increased at a higher rate in OV-206 than in OV-NC cells; no statistical difference for mmp-1 and mmp-3 gene expression was found between them (P > 0.05) (Fig. 5C ). In accordance with the results of gene expression, the protein levels of MMP-9 and MMP-10 clearly increased in the 3D culture (P < 0.05) (Fig. 5A and B) . These results suggest that the highly expressed MMPs facilitate the degradation of collagen I to enhance tumour cell invasion.
The adhesion of OvCa cells to the ECM via the integrin transmembrane receptors is of great importance for cancer progression; av and b1 are the most expressed integrin subunits. 25 Our data indicate that adhesion molecules a5 and b1 integrin subunits were signicantly increased in 3D cultured OvCa cells (P < 0.05) and the up-regulation of the b1 subunit was more prominent in 3D cultured OV-206 cells (Fig. 6B) . The data suggest that the adhesion molecule integrin a5b1 was involved in cancer cell adhesion to the collagen matrix and contributed to the penetration of the collagen, particularly for more malignant cells.
Collagen I-induced EMT was mediated by TGF-b and Wnt pathways in OvCa cells
To explore the role of collagen I on EMT in OvCa development, we rst analyzed the gene expression of epithelial and mesenchymal markers in EMT by real-time RT-PCR. The relative mRNA expression levels of mesenchymal markers vimentin, Ncadherin and bronectin were signicantly increased in 3D cultured OV-NC and OV-206 cells (P < 0.05), (Fig. 6B) . In particular, signicant up-regulation (>6-fold) of these mesenchymal markers was identied in OV-206 cells. Unlike the mesenchymal markers, the expression of epithelial marker Ecadherin was markedly decreased in 3D cultured cancer cells as compared to that in the 2D monolayer culture (P < 0.05). Consistent with real-time RT-PCR results, the protein level of vimentin was up-regulated (P < 0.05) and the protein level of Ecadherin was down-regulated (P < 0.05) in 3D cultured cells (Fig. 6A) . Both OV-NC and OV-206 cells acquired more typical mesenchymal traits at the molecular level in 3D culture, indicating that collagen I was capable of inducing the EMT process in OvCa cells.
To explore the underlying mechanism on collagen-induced EMT, the mRNA levels of critical molecules in EMT-related TGF-b and Wnt signaling pathways were further tested. As shown in Fig. 6B , TGF-b1/Smad4 and Wnt5b/b-catenin were signicantly up-regulated in 3D cultured OV-NC and OV-206 cells when compared to those in the 2D cultured cells (P < 0.05). In addition, the mRNA levels of EMT-related transcriptional factors, namely, Snail and Slug were also increased in 3D cultured cells (P < 0.05) (Fig. 6B) . These data demonstrated that collagen-induced EMT in OvCa cells might be ascribed to the coactivation of TGF-b and Wnt signaling pathways, leading to the up-regulation of Snail and Slug.
Chemosensitivity of ovarian cancer cells in different culture models
Carboplatin (CBP), 5-uorouracil (5-FU) and paclitaxel (PTX) are the commonly used chemotherapeutic drugs for OvCa patients. To determine if the collagen matrix has an effect on chemoresistance, we evaluated the drug susceptibility of the two OvCa cell lines under different culture conditions using the AlamarBlue assay. The half-maximal inhibitory concentration (IC 50 ) values of the three drugs were markedly higher in 3D cultured cells, as compared to those in 2D cultured cells (Table 2) (3D vs. 2D) ). In brief, the IC 50 values of these three drugs signicantly increased in the two OvCa cell lines in the 3D collagen culture, suggesting that the collagen matrix promoted chemotherapy resistance.
Discussion
The development of 3D in vitro cell culture models for studying the complex mechanisms of tumourigenesis plays an essential role in advancing fundamental cancer research. This culture system recapitulates aspects of the in vivo tumour microenvironment and has many advances in studying the dynamics of tumour progression, and drug responsiveness. Tumour cells cultured within a 3D in vitro environment have the ability to acquire morphologies/phenotypes and respond to stimuli similar to in vivo solid tumours. In the present study, OV-NC or OV-206 cells cultured in collagen I hydrogel scaffolds could gradually generate multicellular spheroids, demonstrating cellcell/-matrix interactions that encourage cell signalling and a phenotype representative of in vivo tumour biological systems. The cell proliferation rates in 3D culture increased progressively during two weeks of cultivation, similar to the proliferation of solid tumours in vivo. Morphological analysis conrmed that the two types of OvCa cells cultured in collagen displayed good viability and a more tissue-like morphology. These characteristics of the 3D cultured OvCa cells suggested that collagen I, as a biological scaffold material, has good biocompatibility, supports unconned cellular proliferation and can better imitate the developmental process of OvCa in vivo from single cell to multicellular spheroid. The successful invasion process requires motility, adhesion and degradation of the matrix. Several reports have shown that cell motility is enhanced in metastatic OvCa cells through the interaction with the 3D collagen matrix. 26, 27 Consistent with these previous reports, our ndings indicate that the migration and invasion capacity of OvCa cells are enhanced through their interaction with 3D collagen matrix, suggesting a microenvironment relevant to the OvCa metastatic process. It is noteworthy that the migration activity of OV-206 cells is stronger than OV-NC cells, indicating that up-regulation of miR-206 expression enhances the invasive behaviour of OvCa cells; the potential targets and mechanisms need to be further investigated. The adhesion of tumour cells to ECM components is a pivotal step in developing peritoneal dissemination of intraabdominal malignancy. As a major membrane receptor of brillar collagen, integrins play an important role in tumour progression. It has been reported that ECM affects cancer invasion by regulating avb1 integrin downstream signaling.
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Increased expression of a5b1 integrin was demonstrated to enhance tumour cell invasion in the 3D collagen matrix through the generation of a higher contractile force. 29 Our results show that a5b1 integrin was signicantly up-regulated in 3D cultured OvCa cells, suggesting that a5b1 integrin-mediated adhesion to collagen I is required for the invasive process. It is worth pointing out that in addition to the a5b1 integrin, another important subtype of integrin, i.e., a2b1 integrin has also been reported to be able to promote adhesion, proliferation, and migration of pancreatic cancer cells cultured on collagen.
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Thus, we analyzed that the b1-subunit of integrin might be one of the indispensable molecules in mediating cell-ECM adhesion, while the involvement of a-subunits might be varied from different cell types and their culture microenvironment. In addition to metastasis-related adhesion molecules, MMPs, which are the major enzymes, are involved in the remodeling of ECM and contribute to the malignant potential of tumour cells.
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The study reported by Sodek et al. reported that the capability of OvCa cells to penetrate through the collagen I barrier could be prevented by a broad range MMP inhibitor, GM6001. 31 This suggests that the proteolytic activity of MMPs plays a pivotal role in promoting tumour cell invasion into the surrounding collagen matrices. Consistently, we found that the gene expression of collagen-cleaving MMPs (MMP-1 and -13), gelatin (denatured collagen)-cleaving MMPs (MMP-2 and -9) as well as the MMPs that degraded a broad spectrum of ECM proteins (MMP-3 and -10) were all up-regulated in the 3D cultures of OvCa cells compared to their 2D cultures. The data further supported that collagen I could facilitate MMP mediated hydrolysis to enhance the invasion capability of malignant OvCa cells penetrating the matrix. Interestingly, mmp-2 and mmp-9 gene expression, unlike the mmp-1, -3, -10 and -13 expression patterns, increased much higher in OV-NC cells than in OV-206 cells. This might be because up-regulation of miR-206 in OV-206 reduced the expression of mmp-2 and mmp-9 to some extent, which is consistent with the previous study. 32 Collectively, collagen I, as the substrate for the attachment and migration of OvCa cells, stimulates invasive behaviour by increased MMP activity, which promotes peritoneal tumour formation.
Recently, EMT has been found to play a critical role in the cancer metastasis, drug resistance and poor prognosis of OvCa.
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The process of EMT, controlled by various pro-invasion signals from the tumour microenvironment, promotes cancer cell invasion and dissemination. 34 In particular, collagen I has been described to induce EMT of lung cancer cells and pancreatic cancer cells through different pathways. 17, 18, 35 Herein, our study demonstrated that OvCa cell lines are able to respond to the 3D microenvironment provided by collagen I and display the enhanced EMT phenotype evidenced by their up-regulation of vimentin, N-cadherin and bronectin and decreased expression of E-cadherin. This further supports that collagen I might contribute to the reduced cell-cell connection of OvCa cells and increased tumour cell motility. Diverse signaling pathways are involved in the collagen I-induced EMT process. In human lung cancer cells, collagen I promotes EMT-like changes through increasing the production of active TGF-b and the activation of the Smad pathway. 18 Similarly, collagen I binds to its receptor DDR2 and activates downstream SRC/ERK2 to stabilize Snail in breast tumour cells, thus maintaining the EMT phenotype and facilitating continued tumour cell invasion in collagen I-rich ECM. 36 In this study, we found that TGF-b1 expression of OvCa cells in 3D culture was signicantly up-regulated in accordance with the increase in Smad4 expression. Moreover, Wnt5b expression was signicantly elevated in 3D cultured cells accompanied by upregulation of b-catenin. The up-regulated TGF-b and Wnt pathways could mediate EMT individually or cooperate with each other. Activation of Smad or b-catenin leads to the up-regulation of EMT-related transcription factors Snail and Slug, which in turn, repress E-cadherin transcription, subsequently promoting early dissemination of cells from the tumour mass. 37 We conclude that collagen I could be an independent extracellular stimulating factor to induce EMT by up-regulating TGF-b/Smad and Wnt/bcatenin signaling pathways, thus enhancing the invasion capacity of OvCa. Therefore, inhibition of collagen I-induced EMT might be benecial for the treatment of OvCa metastasis.
The microenvironment at metastatic sites could affect tumour cells, leading to the development of drug resistance. For example, signicant differences in the efficacy of chemotherapeutic agents has been found for 2D cultured cancer cells and the clinical application of these drugs. 38 It was also demonstrated that tumour cells grown on 3D scaffolds developed multidrug resistance in comparison with those grown as monolayers. 9 In our study, both OvCa cell lines displayed 3-12-fold increase in drug resistance to CBP, 5-FU and PTX when grown as spheroids in 3D culture, suggesting that collagen I has a critical role in OvCa chemoresistance. Drug resistance of 3D cultured cancer cells may be ascribed to the limited delivery of drugs into the core of tumour spheroids as well as increased cell survival in spheroids. 39 Moreover, the collagen matrix can limit the effect of chemotherapy by activating specic signaling pathways, which may contribute to chemoresistance via EMT. For example, activation of EMT by the TGF-b pathway is a signature indicative of resistance to platinum-based chemotherapy. 40 Haslehurst et al. also showed that EMT transcription factors Snail and Slug contribute to cisplatin or paclitaxel resistance in OvCa. 41 The chemoresistance mediated by Snail and Slug is associated with p53-mediated pro-survival signaling.
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In addition to signaling pathways, aberrant expression of miRNAs also plays a signicant role in OvCa chemoresistance. 43 In this study, OV-206 cells displayed a greater drug resistance than OV-NC, indicating that miR-206 was involved in the development of multidrug resistance of OvCa. In contrast to our ndings, Chen et al. found that miR-206 overexpression reduced cisplatin resistance and EMT in lung cancer. 44 The mechanisms of miR-206 in governing the drug resistance of OvCa cells require additional and more detailed studies in the future.
Conclusions
The bioengineered 3D culture model of OvCa recapitulates the tissue-like morphology of in vivo solid tumours and provides a robust tool for dissecting complex functions of collagen I in tumour progression. The enhanced invasion and capacity for metastasis of malignant cells respond to collagen I and require MMP-mediated hydrolysis and cell-matrix adhesion. Moreover, the collagen matrix induced EMT procedure in OvCa cells, which is mediated by TGF-b and Wnt signaling pathways, leads to increased expression of Snail and Slug. In addition, 3D collagen models enhance chemotherapy resistance and provide a valuable in vitro research platform for screening new chemotherapeutic agents for invasive OvCa. These results extend our understanding of the critical role of collagen I in OvCa peritoneal metastasis, which may aid in the development of useful therapeutic strategies to target cancer progression.
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